ABSTRACT Ambient radiofrequency (RF) energy scavenging has been recently addressed with a wide range of studies to provide alternative powering for low-power applications. However, due to the low power level of the ambient electromagnetic field, the efficiency of the latter systems is still below expectations. Multipath in the environment may be considered and antenna diversity is then a solution for quasi-omnidirectional RF reception to reach a higher probability of receiving energy in a realistic situation. A 3D flexible antenna diversity, which can be integrated into the rectangular packaging, is proposed in order to take advantage of system packaging form. The angle and polarization diversity antenna was designed on flexible substrate in order to achieve the flexibility and low-cost. This design overcomes the low performance of the substrate while maintaining a compact, high isolation, and good radiation efficiency of the antenna. An indoor experimental setup was carried out to compare different rectenna configurations. The measurement results validate the principle and demonstrate the performance of the 3D flexible diversity system. The probability measurements were carried out under precise conditions in indoor scenarios and the results in comparison with statistic models confirmed the performance of the system in such low power conditions. INDEX TERMS Antenna diversity, indoor propagation, flexible structures.
I. INTRODUCTION
The wide availability of electromagnetic sources used in wireless communications nowadays is considered as a promising supply for ambient energy scavenging. A typical architecture for RF energy scavenging comprises a rectenna, i.e. an antenna and an RF-to-DC circuit (rectifier).
Numerous studies on rectenna design have been published, aiming for high efficiency with sufficient output power from very low input power [1] - [5] In a realistic environment, there is seldom a stationary position with a clear line-ofsight (LOS) between sources and scavenging systems. Further, indoor scenarios creates a multipath environment where signals may be reflected, diffracted or scattered. Therefore, the received power depends on environmental obstacles, as well as the source power and the distance. This creates a design challenge for energy scavenging antenna, requiring robust versatility to accommodate an unknown location, and unknown polarization of incident waves in case of a faded location.
To overcome these difficulties, mobile communication technologies integrate simultaneous multi-antenna from the multiple-input-multiple-output (MIMO) into a single design. However, this approach of multi-antenna in RF energy scavenging has not been broadly studied. Olgun et al. [1] presented a 3 × 3 planar antenna array connected directly to a 3 × 3 rectifier array in order to increase the harvested power and avoid complex feeds. As this design is planar, it can only capture energy in one direction. Kruesi et al. [6] have presented an idea of using six sides of a cubic structure in order to create a radiation pattern nearly isotropic. However, the design based on miniaturized dipole antenna with the maximum gain is 0.5 dBi, which is quite low in ambient energy harvesting cases. In [2] the multi-direction harvested RF energy was demonstrated but only in two directions and no realistic measurement was conducted to verify the effectiveness of this principle. Zhang et al. [7] , Zhong et al. [8] presented solutions of tri-band polarization-insensitive based on metamaterial but the demonstrators were not characterized with ambient density power, and the conversion of power to DC was not explored. This part is critical in low incident power environment. Some designs were validated by measurements in realistic indoor and outdoor environments, but any details of the direction setup and analysis of the design's influence on random locations were not presented [3] , [4] , [9] . Angle diversity antenna system was also presented as a prominent solution to step up the harvested energy [10] , [11] . A multi-directional receiving system based on the association of 6 rectennas for home automation application, including in-situ measurements, was presented [11] . However, the circuit was designed on FR4 substrate; its shape occupied the volume of a cylinder, which has radius of 90 mm, and height of 54 mm. This design therefore not restrained by limited size or suitable material for Internet-of-things (IoT) applications.
With respect to the growing development of interconnected objects within the industry and domestic uses, the antenna in energy harvesting system must also meet a requirement for flexibility for its future integration within an object and the electronics for energy storage and conversion. In the context of wireless network sensors, a compact and flexible system is visibly required.
The system packaging of a conventional electronic circuit such as a rectangular box is considered here as a test vehicle. The antenna was adapted to the box features which can also be used for data transmissions. A flexible antenna substrate was used in order to achieve the low cost and facilitate mass production. As this type of substrate has the characteristic of high-loss and thinness; a compensatory technique is required to overcome this loss and maintain the gain of the antenna. This paper proposes the design and characterization of a 3D flexible diversity antenna system in an office-like environment for energy harvesting from the Wi-Fi access point of Wireless Local Area Network (WLAN) sources, at the center frequency of 2.45 GHz [12] . The objective of this study is to confirm the performance of antenna diversity, under precise conditions with supportive results in comparison to statistical models [13] (next Section). The methodology used to achieve a high isolation across a multiple antenna system is presented in Section III. Measurements will focus on comparing probability density functions and cumulative density function of harvested power in different scenarios as in Section IV. The experimental results will be discussed in Section V.
II. DIVERSITY ANTENNA CONCEPT IN MULTIPATH ENVIRONMENT
In the domain of mobile communication, the multipath environment has been studied in order to determine algorithms to improve the performances of decoding processes. Various propagation models have then been proposed for both indoor and outdoor environments including large-scale path loss models and small-scale fading models [14] .
The difference between indoor and outdoor environments is the layout of building structures, as well as the size and the materials of their walls, floors and other facilities. Multipath delays and the change in the envelope of the signal are characterized over a short travel distance, therefore the smallscale fading models were used to feature their propagation mode.
The distribution of the envelope of the received signal could be specified by different statistical model such as Ricean distribution, Rayleigh distribution, Suzuki model or Nakagami model [13] , depending on the configuration between transmitters and receivers. These probabilistic models of received RF power have been demonstrated for realistic modeling of the multipath environment. The Ricean distribution was used while there is a dominant component such as the line-of-sight (LOS) propagation path. If this dominant signal was weaker or no dominant LOS signal detected, Rayleigh distribution was adapted. In case of multiple reflections and diffractions reached the receiver, the log-normal distribution is suitable for modeling the fading. The Nakagami distribution also can be used to model the dense scattering environment but in a more general approach and it can be deduced from one of aforementioned distributions.
It can be noticed that the WLAN sources are dynamic sources that use time-varying transmitted power and depend on the number of users on the network. Moreover, the power is not constant during transmission and depends on the types of protocols and modulations. Additionally, in typical office environments, there are often several Wi-Fi access points with the same characteristic of transmitter antenna, which operate at the same time, so interferences might also occur at the receiver location.
The probability of accessing the highest power source in a non-fixed location improves with the number of transmitters. However, this increase is non-linear due to the constructive and destructive combinations over space; varying amounts of received energy are expected at each receiver point [15] . Several studies are related to the propagation measurements in indoor multipath environments [16] and the obtained results for mean signal power levels were around 50 dB and 60 dB less than the signal power at the source. That means with a Wi-Fi source transmitting approximately 50 mW, the power level in the ambiance is estimated at about −34 dBm. This rather low power availability considerably reduces potential voltage at the rectifier circuit input and jeopardizes the overall efficiency.
Therefore, the antenna gain and radiation characteristics play an important role in the system's ability to amplify the signal level. The maximum directivity of antenna D 0 is calculated as follows [17] :
where A represents the beam solid angle of antenna.
Observing (1), there is always a trade-off between the directivity aspect and the beam solid angle. Due to the unpredictable characteristic of the incident wave, isotropic or omnidirectional antenna are preferable to maximize potential power harvested.
The antenna must be directional to achieve the very high gain. A linear and planar antenna arrays are common solutions for this issue. The limitation here is that this usually has a higher gain and narrower beam solid angle, which is not the focus of this study.
The diversity antenna technique however is established as an effective solution to improve the performances of wireless service operating in a fading multipath environment. Diversity technique can be divided into different categories such as spatial diversity, polarization diversity and angle diversity. Spatial diversity respects the minimum distance between antennas as function of wavelength; polarization diversity makes use of different polarization of antennas and angle diversity combines different radiation patterns of different antennas in space.
For the applications based on rectangular shape of system packaging, the antennas are closely packed making spatial diversity too cumbersome to use.
This study proposes combining angle and polarization diversity metrics to take advantage of high gain and omnidirectional patterns at the same time. Multiple directional antennas are arranged in the environment space to maximize the chance of capturing ambient RF energy and increase the probability of harvesting energy above a certain level.
III. FLEXIBLE RECTENNA DESIGN

A. 3D ANTENNA DESIGN
The spatial output voltage distribution of the rectenna primarily depends on the radiation pattern of the antenna itself. Van Hoang et al. [18] have distributed a 3D voltage pattern measurement of a rectenna and then compared it with the 3D radiation pattern from the same antenna used in the rectenna.
Results showed both distributions having similar tendencies and the main lobe was situated in the same direction. For this reason, four antennas must be arranged in a way that their main lobes and beam solid angle could cover the maximum space, therefore increasing the spatial output voltage distribution.
In order to confirm the performance of angle diversity antenna in indoor scenarios, a first configuration is designed and analyzed by using the basic linear polarization microstrip patch antenna where the pattern maximum lobe is normal to the patch [17] . Four microstrip patch antennas were faced in opposite and perpendicular directions to take geometrical advantage of the packaging box (Fig. 1) . Antenna elements were designed to operate at a frequency of 2.45 GHz, which is the central frequency of WLAN band. The substrate used for this design is Rogers 4003 with a thickness of 0.831 mm, a relative permittivity of 3.55 and a loss tangent of 0.0027. Antenna dimensions are 60 x 60 mm2 to reach the targeted Due to the feeder position, the antennas have a vertical polarization with an E-field vector along the y-axis. The system thus has a quasi-omnidirectional pattern with maximum directivity in the four orthogonal directions.
In this configuration, the rectifier can be connected to four antennas inside the cube by SMA connector. Therefore, this structure cannot be simply adapted to the box features of a rectangular packaging as stated objective of the study. The mechanical assembly process seems to be easier by the involvement of flexible substrate.
However, this microstrip antenna technology cannot be applied to flexible substrates, which suffer of or from low performances, from high-losses or super thinness. Therefore, a novel design for flexible diversity antenna was proposed.
The design is based on the quasi-Yagi structure, which has the end-fire radiation characteristic. Four antennas are put together in order to have the same vertical polarization but different directions of propagation. The substrate used for this design is PET with a thickness of 0.175 mm, a relative permittivity of 3.21 and a loss tangent of 0.0049.
In order to form the diversity antenna by combining four antennas and arranging them around the rectangular form of the system packaging, the transmission line leading to each antenna has to be oriented in the same plane. One practical way to achieve this topology is to modify the feed line that has to be perpendicular to the end-fire radiation to avoid the conflict when connecting four antennas together.
In this case, we propose the structure with direct feedline connection to the radiation arm as described in Fig. 2 . This design allows easier integration between antennas and a common circuit. In this design, the driven element of the antenna operates like a monopole instead of a dipole as in the common design. Therefore, the length of the driven element is proportional with quarter-wavelength at the design frequency. The second arm of the driven element is thus not necessary. The directors still have the length proportional with half-wavelength in order to maintain the directivity of the antenna. The structure consists of a reflector, printed on the back of the substrate, which is connected with the common ground plane, in order to produce the end-fire radiation pattern. The rectifier will be used to connect four antennas together, thus the design of one antenna has to take into account the influence of the rectifier's ground. The simulated reflection coefficient and radiation pattern of this antenna are presented respectively in Fig. 3 (a) and (b). The antenna has a simulated radiation efficiency of 96.5% and simulated total efficiency of 96.4%. This same design is applied for each antenna on the four sides of the cube. The arrangement of four antennas into one antenna diversity system has a great significance on the radiation pattern of the system. The essential challenge of packed multi-antenna is to decrease the mutual coupling effects between antennas, which can affect the input impedance and radiation pattern of each element. If four antennas are arranged in the cascade topology, the radiation pattern of each antenna will be degraded notably because of the placement of the ground in the direction of propagation. Therefore, four antennas have been arranged in two pairs with a same ground and placed one pair opposite to the other (Fig. 4a) .
Nevertheless, while placing four antennas together on top a system packaging, the mutual coupling appears, especially between the two pairs ANT1-ANT2 and ANT3-ANT4, as in these two pairs, the antennas are closer one to the other. The mutual coupling is only serious and noteworthy between two antennas that lie on propagation direction one of the other. The S-parameters are presented in Fig. 4b showing a mutual coupling of about 6 dB between these antennas and therefore degrading the total efficiency. The total efficiency of four antennas is lower down to 71% compared to 96.4% for only one antenna. The techniques to reduce mutual coupling between antennas is necessary to ensure the operation of the diversity antenna. The essential challenge of packed multi-antenna is to decrease the mutual coupling effects between antennas, which can affect the input impedance and radiation pattern of each element. Several decoupling methods for multiple antenna system were presented in literature, including defected ground structure (DGS) [19] , [20] , collocated orthogonal polarization, and decoupling networks, or parasitic elements [21] .
In this design, all the antennas have the same vertical polarization. The structure of the driven and director element remains the same as the structure of one antenna, as described in Fig. 2 . Hence, the technique for reducing mutual coupling is proposed by slightly changing the polarization of each antenna. The direction of the driven element along the director element is adjusted in order to not match the other ones' polarization as described in Fig. 5 . The parameter da is a function of the angle α between the original position and inclined position; the longer the value da, the larger the angle α and the higher the isolation between ports. However, the directivity of each antenna has been affected and the optimization process has to take into account the total efficiency of the diversity.
The driven element then has been optimized to have the tilt of about 15 0 compared to the original direction. By changing this parameter, the decoupling frequency can be controlled and therefore the performances of the diversity antenna can be assured. It has to be noted that the spacing between ports of ANT1 to ANT2 (as ANT3 to ANT4) is about 0.5 λ 0 at original position and about 0.41 λ 0 at inclined position, with λ 0 is the wavelength in air. This remark suggests that the amount of mutual coupling in this configuration depends mainly on the relative orientation of each antenna and their radiation pattern instead of the relative separation between them. The final design is presented in Fig. 6a ,b. The simulated mutual coupling between two antennas ANT1 and ANT2 is presented in Fig. 7 . Applying the polarization changing technique, the mutual coupling between antennas is reduced from −6 dB to −33 dB at frequency 2.4 GHz. The overall system in the system packaging form is presented in Fig. 6c . Thanks to the flexible characteristic of the substrate, the rectenna has been bent from the flat structure to this 3D configuration without further support for connection between perpendicular planes. The optimized design has the size of 65×65×65 mm3. The calculated radiation efficiency is 91 % for the adjusted antenna compared to 71% without a decoupling technique. The antenna system has a simulated gain of 6.2 dBi in each direction, in quasi-vertical polarization. Additionally, the polarization was extended from vertical to few degrees (about 15 0 ) and therefore it creates the polarization diversity of the system. This diversity brings out one important benefit for the system, in particular for mobile objects.
An analysis of antenna deformation was carried out to evaluate the performance of the system. It has to be noted that the substrate PET, thickness of 0.175mm is a stiff and dimensionally stable material. In this configuration of 3D-cube, each antenna is affixed with others by three edges. The form will be maintaining with the support of the packaging of the circuit. Therefore, it is not evident to be deformed easily. The magnitude of deformation is limited in this case. The antennas were bent with the bend radius Rb from 70 to 110 mm as described in Fig. 8 . The system is not supposed to be bent deliberately with smaller radius than that in reality. The simulated S-parameters and realized gain of the analysis is presented in Fig. 9 and Fig. 10 , respectively.
The reflection coefficient has been slightly changed, which indicates that the proposed antenna preserve its resonant frequencies. Regarding the radiation properties, the radiation pattern maintains its form and the gain is slightly changed due to the deformation of the antenna. The results suggest that the performance of the system is preserved under limited deformation, due to fixed configuration of the packaging form.
B. RECTIFIER STRUCTURE
The rectenna diversity is composed of four antennas and a circuit board whose inputs are microstrip lines. In this study, we use the conventional 50-impedance interface between antenna and rectifier to simplify design and tests.
The rectifier is a four-port circuit, which consists of four identical rectifiers; the harvested power is combined at the DC level.
The rectifier can be connected with the diversity of four patch antennas through a SMA connector. In cases of flexible diversity, the circuit can be directly implemented on the same flexible substrate of the antennas and therefore it is not necessary to build the transition part between antennas and rectifiers. However, due to the thinness of the PET flexible substrate, the conductor loss will be significantly large and can reduce the efficiency of the rectifier. As a result, using a separate circuit with another substrate (like Rogers 4003) could be one solution.
1) SEPARATE CIRCUIT DESIGN
Two rectifier designs were proposed, corresponding to various configurations of measurement ( Fig. 11) : rectifier A for a single antenna, on RO 4003 substrate; rectifier B for four antennas, on RO 4003 substrate. Rectifiers were designed using Agilent ADS software. The series single diode topology was chosen for low input power [22] . The circuits A and B have been implemented on Rogers RO 4003 substrate and have been optimized over the power input range of −45 dBm to −20 dBm. The rectifier device is a Schottky diode SMS7630. Rectifier A was designed to have a maximum power point at −35 dBm and the load of 5.6 k , what is close to the junction parasitic resistance of the diode. It can be noted that the junction parasitic resistance of a Schottky diode can be deduced from the current-voltage (I-V) characteristics, given by Shockley diode equation. The parallel structure in [4] was selected to design rectifier B that combines the DC output of four rectifiers. A load of 1.8 k was selected in order to maximize output power in case the rectifier only had one main source and other branches were not excited. Consequently, the efficiency of the rectifier in this case was degraded compared to Rectifier A, since each branch does not operate at its maximum power point, and the lower energy branches played as passive loads on the main branch. Fig. 12 shows the simulation of output power versus the disparity of input power between branches of rectifier B, in comparison with rectifier A and rectifier B with only one input. Parameter DeltaP represents the difference between highest input level and others of Rectifier B. Results show that with the difference between the highest branch and others as being less than 5 dB, this structure would deliver better output power compared to a single input rectifier.
For the connection between flexible antennas and Rectifier B, instead of using a board-to-board connector, which is expensive and not suitable to hold the flexible antenna, this study proposes to add a transition part between the antennas and the circuit. Each antenna has a transition part, which is folded of 90 degrees from the antenna plane and consists of two segments of the line. One segment is the feed line of the antenna and the other is the common line with the circuit.
The circuit is placed in coincidence with four transition parts and is connected to them by eight screw connectors (Fig. 13) . The common transmission lines are then affixed together by silver solder. The holes created for screw connectors also have the role of alignment guide between circuits.
The impedance of transmission line of each segment is now decided by the effective permittivity formed by the combination of two substrates. The simulated insertion loss of the connection at 2.45 GHz is about 0.2 dB. This structure allows the low-loss connection between antennas and the rectifier circuits and therefore maximizes the harvested energy. 
2) ON FLEXIBLE-SUBSTRATE RECTIFIER
The same principle of rectifier B was used to design the rectifier C on the same PET substrate as the antenna.
With lower permittivity, the guided wavelength in the circuit is longer and the circuit has a larger size as compared to the designed circuits on Rogers substrate. In order to fit into the reserved area of the designed antennas diversity, the miniaturization of the circuit is necessary and the meander design technique was applied. The matching circuit consists of an open circuit, better than a short-circuit, which will complicate the fabrication process. Fig. 14 describes the rectifier circuit in details and its implementation in the antenna diversity. The circuit is based on microstrip technology that has three loss mechanisms: conductor loss, dielectric loss and radiation loss. Due to the small thickness of 0.175 mm, the conductor loss will dominate and therefore increases the insertion loss of the circuit. The simulated results show that with the very thin substrate, the efficiency of the rectifier is actually degraded and therefore the harvested power will be lower than that from Rogers substrate-based circuits (Fig. 15) . However, the advantage of this solution is in the easy fabrication process: the whole rectenna system can be printed in one step, at the same time limiting the insertion loss in transition parts between two substrates.
IV. EXPERIMENTAL SETUP
The first measurement was conducted to obtain the characteristics of a designed multi-antenna system. The return loss, isolation and radiation pattern measurements are realized using the vector network analyzer (VNA) in an anechoic chamber.
The second measurement to evaluate the performance of the rectennas is performed in various scenarios listed in Table 1 , describing different configurations towards antenna combinations in a realistic environment. These configurations have been performed in 98 points in an office room of 4.2 m × 2.1 m. For each point, 11 separated measurements have been conducted corresponding to 5 scenarios and have given 1078 measurements in total. The scenario S1 was conducted in order to estimate the available power in ambiance at each point and each direction, using a conventional antenna patch.
The scenario S2 used a conventional antenna patch and rectifier A (Rectenna 1A) (Fig.17a) to measure the harvested power at each point and each direction.
The scenario S3 used 4 patch antennas in opposite and perpendicular directions to take geometrical advantage of the packaging box, associated with Rectifier B (Rectenna 1B -Fig.17b ). It is a scenario that aims to evaluate VOLUME 7, 2019 the performance of diversity antenna system operating in an indoor environment.
The scenario S4 and scenario S5 used the proposed flexible antenna diversity with separated rectifier (Rectenna 2 - Fig.17c ) and integrated rectifier (Rectenna 3 - Fig.17d ), respectively. The integration between separated rectifier and the antennas is presented in Fig. 13 . These scenarios compare the performance of the proposed flexible rectenna diversity and conventional patch diversity. Fig.18 describes the measurement setup of the tests using two transmitting antennas in a realistic environment with office facilities around. Two identical commercial antennas for a Wi-Fi router with a gain of 5 dB were used as transmission antennas. Transmission source A was set at 15 dBm, hence the equivalent isotropic radiated power (EIRP) is 100 mW, corresponding to the maximum transmission power of a conventional Wi-Fi router. The transmission source B was set at 12 dBm, which is equivalent to an EIRP of 50 mW. The elevation of two transmission antennas was fixed at 1.5 m and the elevation of the reception antennas was fixed at 0.8 m. 
V. MEASUREMENT RESULTS
A. ANTENNA MEASUREMENT
The prototype of the flat structure of the proposed diversity design was fabricated by screen printing technology on the PET substrate with a silver conductive ink Electrodag PF-410 and the impression was performed using manual screen printer Svecia Semimatic SSM.
The 3D rectenna in the form of system packaging was formed by folding the flat structure at four edges. There are two ways to fold the proposed circuit, where the rectifier circuit can be inside or outside the cube depending on the application needs. The end-launch connectors were also used to perform the S-parameters at each port of the diversity antenna.
The four flexible antennas have been characterized using a VNA Anritsu 37369A. The 3D flexible diversity antenna in Fig. 19 was connected to end-launch connectors while keeping the rectifier ground plane to ensure the operating conditions of the system as described in section III.B. The rectifier part was cut out of the circuit, then stucked in place by tape (Fig. 19) . This configuration is implemented in order to measure the performance of the antenna's part only, without connecting with rectifier's part but still taking into account any ground effect. show the good matching for four antennas at the resonant frequency of 2.45 GHz. The -10 dB impedance bandwidths of four antennas, which cover the band of WLAN 2.4 GHz, are provided in Table 2 . The isolation between ports is presented in Fig. 21 . Table 3 shows the comparison of results for S-parameters between simulation and measurement for the diversity antenna at frequency 2.45 GHz. It can be seen that results agreement between simulation and measurement is satisfying for both impedance matching and the isolation between ports. The coupling between the most sensible pair ANT1 and ANT2, followed by ANT3 and ANT4 respectively, has been eliminated by the proposed technique. The measurement of radiation pattern was performed in an anechoic chamber and the E-plane measurement of each antenna at ϕ = 0 is shown in Fig. 22 . The maximum measured gain in each direction is 5.96 dBi, which is quite close to the simulated result. The beam axis of each antenna is not orthogonal as desired to cover equally the space. This The harvested power of rectifier A is 12.8 nW at -34 dBm, equivalent to a RF-DC conversion efficiency of 3.21%. The harvested power of rectifier B (unbalanced state) is 3.5 nW and rectifier B (balanced state) produced 45.1 nW. The RF-DC conversion efficiency of rectifier B is 2.6% at −34 dBm while having four balanced inputs. The latter results support the simulation observations. However, the actual effect of the rectifier B can only be assessed through measurement in realistic scenario, when combined with antennas.
C. RECTENNA MEASUREMENT IN REALISTIC ENVIRONMENT
The scenario S1 was conducted in order to estimate the available power in ambiance at each point and direction. For 80% of the measurement points, power level differences (DeltaP) in each direction were less than 10 dB. Kernel density estimation method was used to estimate the probability density function (PDF) and cumulative density function (CDF) of measured power. The CDF assessed at each value of received power is the probability that the received power less than or equal to that value. The median harvested power is the 50th percentile of the probability distribution and this value is calculated with the help of Matlab's median function and observed in a graph of CDF, which corresponds to the value of 0.5 on the vertical axis.
The PDF and CDF of available power measurement results in scenario S1 are presented in Fig.24 . Its median value is −34 dBm, which is equivalent to a median density power of 10.8 nW/cm2 or 0.1 mW/m2. The harvested power distributions of single rectennas are presented in Fig.25a, b, c, d in each direction of antenna (as described in Fig.18 ) respectively when conducting scenario S2. The results show a different pattern of each direction in the multipath environment and it shows the wasted harvestable energy in space while using only one antenna with a limited beam solid angle. The received power is unevenly distributed in each direction. Fig.25e shows the harvested power distribution in space from multi-angle diversity rectenna (Rectenna 1B).
When there is only one input, rectifier B has a lower efficiency in comparison with rectifier A because of the loss in the three other branches (Fig.23) . That explains the result where in 30 points over 98 points of measurement, harvested power of rectenna 1B is lower than the one from rectenna 1A. Nonetheless, the level and density of harvested power from diversity structure is higher in general.
The PDF and the CDF of harvested power among scenarios S2, S3, S4, S5 are described in Fig.26 and Fig. 27 respectively. This empirical graph was then compared with other analytical distributions such as Rayleigh, Weibull, Ricean, Nakagami and Log-Normal using the same group of data. The results show that in this configuration of measurement, inside the working office, the received power has the Log-Normal distributions. While the measurement setup consisted of many reflective objects, this finding approves the typical feature of Log-Normal distribution as described in theory.
The results support that by using the proposed flexible antenna (rectenna 2 and 3), the probability of receiving higher power increases because the proposed antennas have higher gain compared to the conventional patch antenna. However, rectenna 3 with integrated circuit has lower performance than rectenna 2 due to the loss in the PET substrate of the rectifier. The comparison of performance between configurations is provided in Table 4 .
The median harvested power of the proposed 3D flexible structure is 124 nW, which corresponds to a nominal RF-DC conversion efficiency of 6.1% at a median input power of 0.1mW/m2. Results strongly support that by using a diversity antenna system, the likelihood of receiving power greatly increases. The probability that the harvested power becomes better than 200 nW is 4% when using rectenna 1A, 25% when using rectenna 1B, 36% when using rectenna 2 and 33% when using rectenna 3. The median harvested power increases to 130 nW when using rectenna 2 and 124 nW by using rectenna 3. Though rectenna 3 performs slightly lower compared to the separated one, the ease of fabrication, simplicity and the lightweight are still strong advantages of the proposed 3D flexible diversity rectenna.
VI. CONCLUSION
This paper has presented a study about 3D flexible diversity antenna, which takes advantage of the packaging form for ambient RF energy scavenging operation in an indoor environment. Results illustrate the benefits of diversity antenna systems, especially at a low power density environment, about 0.1 mW/m2. Observations strongly suggest that by using this technique, the fading of received signals across random points in space is mitigated.
In addition, to overcome the drawbacks of the flexible substrate itself, a technique to decrease mutual coupling was also proposed. The mutual coupling between antennas decreases significantly with minor adjustment, while the gain in each direction reaches about 5.96 dBi. The flexible rectenna in diversity design increases the probability of harvested power higher than 200 nW from 4% for one conventional patch to 33% for a full system. Additionally, the probability of higher harvested power value was drastically increased. The median harvested power is 12 times higher than using a singular antenna. The system efficiency is also higher in comparison to a single structure.
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